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Abstract 

The  lithium  transport  through  graphite  electrodes  that  contain  two  stage  phases  has  been  investigated  in  1  M  Li AsF6-EC/DEC 
(ethylene  carbonate/diethyl  carbonate)  non-aqueous  solution  by  using  potentiostatic  current  transient  technique  supplemented  by  lithium 
charging/discharging  experiments  and  a.c.  impedance  spectroscopy.  An  attractive  interaction  between  the  intercalated  lithium  ions  and 
the  graphite  lattice  is  indicated  from  the  decreased  diffusivity  value  with  increasing  lithium  content  in  the  lithiated  graphite  electrode  in 
the  presence  of  a  single  stage  phase.  This  attractive  interaction  gives  rise  to  the  stage  transformation  in  the  electrode,  which  is 
characterized  by  potential  plateaus  in  the  charge/discharge  curves.  From  the  results  of  the  potentiostatic  current  transients,  it  is  suggested 
that  the  stage  transformation  in  the  lithiated  graphite  electrode  is  accompanied  by  the  limited  transport  of  lithium  through  the  electrode  for 
which  the  stress  generated  by  the  stage  phase  boundary  is  responsible.  The  stress-controlled  transport  of  lithium  through  the  graphite 
structure  is  substantiated  by  the  occurrence  of  hysteresis  in  the  potential  profile  during  the  lithium  intercalation  and  de-intercalation. 
©  1998  Elsevier  Science  S.A. 
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1.  Introduction 

Lithiated  carbon  (LisC6)  is  used  as  a  lithium-ion  bat¬ 
tery  anode  material;  it  shows  good  safety  and  excellent 
lithium  charging/ discharging  cycleability  in  comparison 
with  anodes  made  from  lithium  metal.  Nevertheless,  there 
are  still  some  problems  with  respect  to  the  destruction  of 
the  carbon  structure  (exfoliation)  during  lithium  intercala¬ 
tion  and  the  resulting  decrease  in  specific  energy.  In  order 
to  inhibit  the  exfoliation  of  the  carbon  and  to  increase  the 
specific  energy  of  the  lithiated  carbon,  many  research 
efforts  have  focused  on  the  electrochemical  properties  of 
the  lithiated  carbon  electrode  [1—3].  Ein-Eli  et  al.  [3] 
reported  that  performance  of  electrodes  containing  lithiated 
carbon  in  rechargeable  batteries  is  strongly  dependent  on 
the  surface  chemistry.  On  the  other  hand,  Dahn  et  al.  [4] 
studied  the  dependence  of  the  electrochemical  intercalation 
of  the  lithium  into  the  lithiated  carbon  on  the  crystal 
structure  of  the  carbon.  It  was  found  that  highly  graphi- 
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tized  carbons  with  Hat  voltage  curves  near  o.  i  vLi/Li+  and 
carbons  with  a  large  (002)  half-width  and  a  large  strained 
region  exhibit  a  high  lithium  capacity. 

Another  aspect  of  crucial  importance  in  determining  the 
performance  of  intercalation  electrodes  is  related  to  the 
lithium  transport  through  the  lithiated  host  structure  since 
this  is  the  rate-determining  step  of  the  lithium  intercalation 
process  [5].  Generally,  the  kinetics  of  lithium  transport 
through  the  layered  structure  is  described  in  terms  of 
concentration  gradient,  i.e.,  in  terms  of  the  rate  of  diffusion 
of  lithium  ions  in  the  graphite  electrode  [5].  It  should  be 
realized,  however,  that  a  further  determinant  of  the  kinetics 
of  the  lithium  transport  through  the  graphite  structure  is 
the  chemical  potential  gradient  since  the  intercalation  of 
lithium  into  graphite  usually  proceeds  via  a  ‘stage  transfor¬ 
mation'  [6].  It  is  proposed  that  a  phase  boundary  with  large 
strain  may  exist  between  the  two  stage  phases  and  its 
mobility  determines  the  kinetics  of  the  lithium  intercala¬ 
tion  into  the  graphite  structure.  Therefore,  it  is  necessary  to 
establish  the  lithium  intercalation  into  the  graphite  struc¬ 
ture  during  the  coexistence  of  the  two  stage  phases  by 
using  the  appropriate  electrochemical  techniques. 
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The  present  work  aims  to  investigate  lithium  transport 
through  graphite  electrodes  that  contain  two  stage  phases 
in  equilibrium  with  each  other.  For  this  purpose,  current- 
decay  transients  (chronoamperograms),  charge /discharge 
curves  and  a.c.  impedance  spectra  are  measured  on  a 
lithiated  graphite  powder  electrode  in  1  M  LiAsF5- 
EC/DEC  (ethylene  carbonate/diethyl  carbonate)  solution 
at  room  temperature.  The  factors  that  affect  lithium  trans¬ 
port  through  lithiated  graphite  electrode  with  two  stage 
phases  are  discussed  in  terms  of  interaction  between  the 
intercalated  lithium  and  the  stress  field  generated  by  the 
stage  phase  boundary. 


2.  Experimental 

All  electrochemical  experiments  were  conducted  in  an 
argon-filled  glove  box  (VAC  HE493)  at  room  temperature 
by  using  a  three-electrode  electrochemical  cell.  The  work¬ 
ing  electrode  was  a  PVDF  (poly vinylidene  fluoride)-bonded 
porous  graphite  electrode  made  from  graphite  powder 
(surface  area:  9.8  m2  g~ ',  Lonza  KS-44).  The  porous 
graphite  electrode  specimen  was  manufactured  by  mixing 
the  graphite  powder  with  10  wt.%  PVDF  as  a  binder, 
followed  by  pasting  on  a  stainless-steel  screen  and  drying 
in  vacuum  at  120  °C.  Pure,  lithium-metal  foil  was  used  for 
both  the  reference  and  counter  electrodes.  The  lithium  salt 
was  1  M  LiAsF6  and  the  solvent  comprised  a  mixture  of 
50  vol.%  EC  and  50  vol.%  DEC. 

Lithium  charge/discharge  curves  were  measured  by 
using  a  computerized  multi-channel  battery  charger  (Toyo 
system  HRC  6064A).  Galvanostatic  charging  and  discharg¬ 
ing  currents  corresponded  to  a  change  of  5=1  in  LigC6 
in  10  h. 

The  a.c.  impedance  measurements  were  performed  with 
a  Solartron  1255  frequency  response  analyzer  combined 
with  Solartron  1286  electrochemical  interface  on  the  lithi¬ 
ated  graphite  powder  electrode  in  1  M  LiAsF6-EC/DEC 
solution  at  various  electrode  potentials  of  0.05,  0.1,  0.15 
and  0.25  versus  VLi/Li+.  An  alternating  sinusoidal  signal 
of  10  mV  peak-to-peak  was  superimposed  on  the  d.c. 
potential.  The  impedance  spectra  were  obtained  over  a 
frequency  range  of  1  mHz  to  1  MHz. 

Potentiostatic  current  transients  were  measured  by  using 
a  potentiostat/galvanostat  (EG&G  PAR,  Model  263).  The 
graphite  electrode  was  subjected  to  the  initial  applied 
potentials  (0.1  to  0.16  Vu/Li+)  for  104  s,  followed  a 
potential  step  to  0.01  Vu^Li+.  At  this  stage,  the  resulting 
cathodic  current  was  recorded  versus  time  for  104  s 
(potentiostatic  cathodic  current  transients).  After  measur¬ 
ing  the  cathodic  current  decay  transient,  the  electrode 
potential  was  stepped  from  0.01  VLi/Li+  to  the  initial 
value.  At  this  point,  the  resulting  anodic  current  was 
recorded  against  time  for  104  s  (potentiostatic  anodic 
current  transients). 


3.  Results  and  discussion 

3.1.  Coexistence  of  two  stage  phases  from  charge-dis¬ 
charge  curve 

Fig.  1  shows  the  electrode  potential,  E(S),  as  a  function 
of  time  for  a  Lonza  KS-44  graphite  electrode  charged  and 
discharged  using  a  constant  current  of  37.22  mA  g_l 
corresponds  to  a  change  A5=  1  in  LisC.6  in  10  h.  Four 
potential  plateaus  near  0.07,  0.1,  0.2  and  1.0  VLi/Li+  are 
observed  during  the  first  charge.  The  potential  plateau  near 
1.0  VLi/Li+  during  the  first  charge  disappeared  in  subse¬ 
quent  charges.  There  is  a  significant  hysteresis  in  the 
potential  profile  during  the  intercalation  (charging)  and 
de-intercalation  (discharging)  of  the  lithium  ions. 

Potential  plateaus  in  charge/discharge  curves  are  usu¬ 
ally  found  when  the  intercalation  compound  is  comprised 
of  coexisting  phases  over  some  range  of  lithium  content, 
8,  in  the  graphite  electrode  [7],  There  are  many  regions 
where  phases  with  different  stage  indices  coexist  in  the 
Li-C  phase  diagram  [8],  According  to  a  previous  report 
[8],  the  potential  plateaus  are  indexed  as  shown  in  Fig.  2. 
As  the  value  of  8  increases,  transitions  occur  sequentially 
from  a  dilute  stage- 1  phase  (denoted  by  1')  through  a 
stage-4,  a  liquid-like  stage-2  phase  (denoted  by  2L),  a 
stage-2  phase,  and  finally  to  a  filled  stage- 1  phase.  The 
sloping  lines  between  the  plateaus  in  Fig.  2  indicate  the 
existence  of  only  a  single  stage  phase. 

The  disappearance  of  the  potential  plateau  near  1.0 
Vu/Li+  after  the  first  charge  indicates  the  irreversible 
decomposition  of  electrolyte  to  form  a  passivating  surface 
film  on  the  lithiated  graphite  electrode  [1,3,9,10].  It  has 


Fig.  1 .  Charge /discharge  curve  for  a  lithiated  Lonza  KS-44  graphite 
powder  electrode  in  1  M  LiAsF6 -EC/DEC  solution.  Lithium  charging 
and  discharging  currents  correspond  to  a  change  AS  =  1  in  Li6C6  in 
10  h. 
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Fig.  2.  Charge/discharge  curve  of  a  lithiated  Lonza  KS-44  graphite 
powder  electrode  in  1  M  LiAsF6-EC/DEC  solution.  Lithium  charging 
and  discharging  currents  correspond  to  a  change  A <5  =  1  in  LisC6  in 
10  h.  The  coexistence  of  two  stage-phases  is  indexed  in  figure. 

been  reported  that  the  energies  associated  with  the  co¬ 
herency  stresses  required  to  hold  together  the  phases  of 
different  lattice  parameters  may  give  rise  to  the  hysteresis 
that  is  observed  in  the  charge/discharge  curves  of  the 
Li-C  system  [11].  Thus,  it  is  concluded  that  occurrence  of 
the  hysteresis  is  due  to  the  stress  generated  by  the  stage 
phase  boundary. 

3.2.  Transport  of  lithium  through  the  lithiated  graphite  in 
a  single  stage  phase  by  a.c.  impedance  spectra 

The  a.c.  impedance  spectra  obtained  from  a  Lonza 
KS-44  graphite  powder  electrode  in  1  M  LiAsF6-EC /DEC 
solution  at  0.05,  0.08,  0.15,  0.25  Vu/Li+  are  presented  in 
Fig.  3.  At  these  potentials,  only  a  single  stage  phase  exists 
in  the  electrode.  This  is  simply  manifested  by  a  sloping 
line  in  the  charge / discharge  curve,  as  shown  in  Fig.  2. 

The  impedance  spectra  consist  of  two  depressed  arcs  in 
the  high  and  middle  frequency  ranges,  a  line  inclined  at  a 
constant  angle  of  45°  to  the  real  axis  in  the  low-frequency 
range,  and  a  capacitive  line  due  to  the  accumulation  of 
lithium  at  the  center  of  the  graphite  particle  in  the  fre¬ 
quency  range  below  10  mHz.  The  size  of  the  high  fre¬ 
quency  arc  is  virtually  unchanged  with  electrode  potential. 
By  contrast,  the  size  of  the  middle  frequency  arc  increases 
with  increasing  electrode  potential. 

In  general,  the  surface  film  is  found  to  be  irreversibly 
formed  and  is  stable  in  1  M  LiAsF6-EC/DEC  on  the 
graphite  surface  near  1.0  VLi+/.Li+  [1,3,9,10].  Thus,  it  is  to 
be  expected  that  the  size  of  the  arc  is  unaffected  by  the 
electrode  potential.  In  this  regard,  the  high-frequency  arc 
appears  to  be  due  to  the  surface  film  formed  on  the 


lithiated  graphite  electrode.  The  charge-transfer  resistance 
is  associated  with  the  middle-frequency  arc  and  increases 
with  increasing  electrode  potential  due  to  the  increased 
driving  force  for  the  lithium  intercalation  into  the  elec¬ 
trode.  The  inclined  and  capacitive  lines  in  the  low- 
frequency  range  are  attributable  to  the  Warburg  impedance 
that  is  associated  with  the  diffusion  of  lithium  ions  through 
the  lithiated  graphite  electrode  and  the  accumulation  of 
lithium  at  the  centre  of  the  graphite  particle,  respectively. 

It  is  very  difficult  to  obtain  a  value  for  the  diffusivity  of 
lithium  ions  in  the  presence  of  the  two  stage  phases  since 
the  movement  of  the  stage  phase  boundary  also  contributes 
to  the  lithium  transport  through  the  graphite  electrode  and, 
thereby,  results  in  a  non-linear  influence  on  the  current 
response  or  potential  response  during  the  a.c.  impedance 
measurements  [12].  On  the  other  hand,  galvanostatic  and 
potentiostatic  intermittent  titration  techniques  (GITT  and 
PITT)  have  been  used  to  obtain  the  diffusivity  value  of 
guest  atoms  such  as  lithium  in  the  host  lattice  by  many 
researchers  [5,13],  In  these  techniques,  derived  mathemati¬ 
cal  expressions  are  based  upon  the  rate-determining  step  of 
diffusion  of  the  guest  atoms  through  the  host  lattice.  The 
rate-determining  step  of  the  lithium  transport  through  lithi¬ 
ated  graphite  electrodes  that  contain  two  stage  phases 
appears  to  be  the  movement  of  the  phase  boundary  rather 
than  the  diffusion  of  lithium  ions  through  the  electrode. 
For  this  reason,  the  GITT  and  PITT  are  inappropriate  to 
determine  the  diffusivity  values  of  lithium  ions  in  a  lithi¬ 
ated  graphite  electrode  that  contains  two  stage  phases. 

In  the  present  work,  the  chemical  diffusivity  of  the 
lithium  ion  £>u+  in  the  graphite  electrode  in  the  presence 
of  only  a  single  stage  phase  is  determined  by  analyzing  the 
measured  impedance  spectra.  The  value  of  the  chemical 


Real  Impedance  /  ohm 

Fig.  3.  A.c.  impedance  spectra  obtained  from  a  lithiated  Lonza  KS-44 
graphite  powder  electrode  in  1  M  LiAsF6-EC/DEC  solution  at  (O)  0.05 
VLi/Ll+;  (□)  0.08  VLi/Li+;  (a)  0.15  VLi/Li+  ,VLi/Li+  and  (•)  0.25 
VLi/Li+;  in  1  M  LiAsF6 -EC/DEC  solution. 
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Fig.  4.  Calculated  chemical  diffusivity  Du  +  of  lithium  ions  in  a  Lonza 
KS-44  graphite  powder  electrode  as  a  function  of  lithium  content. 


diffusivity  Du+  is  obtained  by  using  Eq.  (1)  from  the 
measured  fT  and  r  values  [14] 
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Li+ 


irfTr2 
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where  fT  is  the  frequency  at  which  the  impedance  spec¬ 
trum  shows  a  transition  from  semi-infinite  to  finite-length 
diffusion  behaviour,  and  r  is  the  average  radius  of  the 
Lonza  KS-44  graphite  powder,  namely,  22  p.m.  The  calcu¬ 
lated  DLi+  value  of  lithium  ions  is  plotted  versus  the 
lithium  content  in  the  electrode  in  Fig.  4.  The  data  show 
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Fig.  5.  Potentiostatic  cathodic  current  transients  for  a  lithiated  graphite 
powder  electrode  obtained  just  after  stepping  down  the  electrode  potential 
from  (O)  0.1  VLi/Li+,  (□)  0.12VLi/Li+,  (a)  0.14  VLi/Li+,  (•)  0.15 
Vu/Li+,  (■)  0.16  to  0.01  VLj/Li+,  in  1  M  LiAsF6 -EC/DEC  solution. 


that  the  L>u+  value  decreases  with  increasing  lithium 
content.  This  indicates  that  there  is  attractive  interaction 
between  the  intercalated  lithium  ions  and  the  graphite 
lattice.  This  interaction  gives  rise  to  ordering  of  the  inter¬ 
calated  lithium  ions,  i.e.,  a  stage  transformation,  within  the 
electrode.  This  result  is  substantiated  by  the  occurrence  of 
the  potential  plateaus  in  the  charge/discharge  curves. 


3.3.  Stress-controlled  transport  of  lithium  ions  through 
lithiated  graphite 


In  order  to  investigate  the  lithium  transport  through  a 
lithiated  graphite  lattice  with  two  stage  phases,  potentio¬ 
static  current  transients  were  obtained  for  a  Lonza  KS-44 
graphite  powder  electrode  in  1  M  LiAsF6-EC/DEC  solu¬ 
tion.  The  potentiostatic  cathodic  and  anodic  current  tran¬ 
sients  (on  a  logarithm-logarithm  scale)  are  given  in  Figs.  5 
and  6,  respectively. 

The  current  transients  show  two-step  behaviour  for  both 
lithium  intercalation  (potential  falling)  and  de-intercalation 
(potential  rising).  Irrespective  of  the  applied  electrode 
potential,  the  slopes  of  the  initial  step  in  the  cathodic  and 
anodic  current  transients  are  about  —0.1  and  —0.52, 
respectively.  The  anodic  and  cathodic  currents  decrease 
abruptly  with  time  in  the  later  step. 

Assuming  that  the  kinetics  of  the  lithium  transport 
during  the  lithium  intercalation  and  de-intercalation  is 
determined  by  the  diffusion  of  lithium  ions  through  the 


Fig.  6.  Potentiostatic  anodic  current  transients  of  a  lithiated  Lonza  KS-44 
graphite  powder  electrode  obtained  just  after  stepping  up  the  electrode 
potential  from  0.01  VLi/Lj  +  to  (O)  0.1  VLi/Li+,  (□)  0.12  VLi/Li+,  (a) 
0-14  VLi/Li+,  (•)  0.15  VLi/Li+,  (■)  0.16  VLi/Li+  in  1  M  LiAsF6 - 
EC /DEC  solution. 
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outer  stage  phase,  then  the  resulting  current  transients  can 
be  expressed  by  Eq.  (2)  in  the  initial  step  and  Eq.  (3)  in  the 
later  step  [13] 
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where  I(t)  is  the  current  as  a  function  of  time;  Q  is  the 
total  charge  transferred  during  lithium  intercalation;  t  is 
time;  l  is  the  thickness  of  the  electrode  with  planar  sym¬ 
metry.  In  the  present  work,  the  thickness,  l,  of  the  outer 
stage  phase  is  set  at  the  equivalent  r/3  for  the  radius  r  of 
the  spherical  graphite  particle.  According  to  Eq.  (2),  the 
slope  of  the  initial  step  is  —0.5  under  diffusion  control. 
The  latter  step  is  associated  with  the  accummulation  of 
lithium  at  the  centre  of  the  graphite  electrode  during 
lithium  intercalation  and  the  depletion  of  lithium  in  the 
graphite  electrode  during  lithium  de-intercalation. 

Given  the  time-dependence  of  the  current  in  the  initial 
step  (Eqs.  (2)  and  (3)),  it  is  inferred  that  another  factor 
rather  than  the  concentration  gradient  should  affect  the 
lithium  transport  through  a  lithiated  graphite  electrode  in 
the  presence  of  two  stage  phases.  This  is  examined  in  the 
following  discussion. 

An  intercalated  lithium  atom  displaces  the  host  atoms 
and  sets  up  a  strain  field  in  the  host  lattice  [11].  Since  this 
strain  field  affects  the  energy  of  a  second  intercalated 
atom,  this  leads  to  an  elastic  interaction  between  the  two 
intercalated  atoms.  In  general,  the  graphite  lattice  is  ex¬ 
panded  by  the  lithium  intercalation  and  this  expansion 
imposes  an  energy  penalty,  which  can  be  minimized  by  the 
phenomenon  of  ‘staging’  [6].  In  addition,  another  strain 
field  originates  during  the  stage  transformation  since  there 
exists  a  lattice-mismatched  region  between  the  stage 
phases,  i.e.,  a  stage  phase  boundary,  which  is  already 
suggested  by  the  hysteresis  in  potential  profile  of  the 
charge/discharge  curve,  as  shown  in  Fig.  2. 

In  the  present  work,  the  different  slopes  of  the  initial 
step  current  transients  during  the  lithium  intercalation  and 
de-intercalation  appear  to  be  due  to  the  stress  field  pro¬ 
duced  by  the  stage  phase  boundary  rather  than  interaction 
between  the  intercalated  lithium  atoms.  This  is  because  the 
stress  field  associated  with  elastic  interaction  between 
intercalated  atoms  cannot  give  rise  to  the  difference  in  the 
lithium  transport  behaviour  during  lithium  intercalation 
and  de-intercalation. 

The  coexistence  of  stage- 1  and  stage-2  phases  is 
schematically  illustrated  in  Fig.  7.  When  the  stage-2  phase 
transforms  into  the  stage- 1  phase,  the  coexistence  of  stage- 1 
and  stage-2  phases  of  the  lithiated  graphite  can  be  envis¬ 
aged  by  sandwiching  an  extra  half  plane  of  lithium  atoms 


stage-1  stage-2 

Fig.  7.  Schematic  illustration  of  the  phase  boundary  between  stage-1  and 
stage-2  phases  in  lithiated  graphite. 

between  two  graphite  planes  in  stage-2  phase  as  host 
lattice.  It  seems  that  the  intercalated  lithium  is  arranged  in 
the  same  way  as  the  extra  half  plane  of  dislocation  in  the 
metal.  It  should  be  noted  that  whenever  lithium  intercalates 
or  de-intercalates,  a  lithium-rich  phase  forms  on  the  solu¬ 
tion  side  of  the  graphite  electrode  because  the  characteris¬ 
tic  array  of  lithium  ions  inside  the  graphite  structure  during 
the  stage  transformation,  as  shown  in  Fig.  7. 

Considering  dislocation  mechanics  [15],  the  point  de¬ 
fect,  i.e.  intercalated  lithium  atom,  and  dislocations  will 
interact  elastically  and  exert  forces  on  each  other.  To  a 
good  approximation,  the  strains  around  the  point  defect 
distort  the  lattice  spherically,  just  as  though  an  elastic 
sphere  of  radius  d  had  been  forced  into  a  spherical  hole 
with  a  radius  a  in  an  elastic  continuum.  The  resulting 
strain  is  e  =  (d  —  a)/ a.  Considering  the  volume  change 
produced  by  intercalated  lithium  atom  and  the  hydrostatic 
component  of  the  dislocation  stress  field,  the  interaction 
energy  Uint  between  a  intercalated  lithium  atom  and  a 
dislocation  is  given  by 

4(1  +  v)Gba\  sin0 


where  v  is  the  Poisson’s  ratio  of  graphite:  G  is  the 
modulus  of  elasticity  in  shear:  b  is  the  Burgers  vector:  9  is 
the  angle  between  the  straight  line  from  the  dislocation 
core  to  the  intercalated  lithium  atom  and  the  Burgers 
vector;  s  represents  the  distance  between  the  dislocation 
core  and  the  intercalated  lithium  atom. 

A  negative  value  of  the  interaction  energy  indicates 
attraction  between  the  intercalated  lithium  atom  and  the 
dislocation,  while  a  positive  value  denotes  repulsion.  The 
intercalated  lithium  atom  (e  >  1)  will  be  repelled  from  the 
compression  side  of  a  positive  edge  dislocation  (0  <  9  < 
7 r).  In  this  regard,  it  is  clear  that  the  strain  field  exerted  by 
the  stage  phase  boundary  contributes  to  the  chemical  po¬ 
tential  of  the  lithium  ion  in  the  graphite  structure. 


S.-I.  Pyun,  Y.-G.  Ryu  /  Journal  of  Power  Sources  70  (1998)  34—39 


39 


In  general,  the  chemical  potential,  /r,Li+,  of  lithium  ions 
in  a  electrode  material  under  a  strain  is  expressed  [16]  as 

/xLi+==  Mu++  ^int  (5) 

where  /m],  >  is  the  chemical  potential  of  lithium  ions  in  the 
strain-free  phase.  Thus,  the  gradient  in  the  chemical  poten¬ 
tial  can  be  written  as 


<Ki+\  =  /  j  + 
dx  j  \  dx  J  \  dx  ) 


(6) 


and  the  flux  of  lithium  atoms  J,  is 


—  cM, 


dx 


=  -D, 


Du+C 

9U int  \ 

\dxj 

RT 

dx  j 

(7) 


where  c  is  the  concentration  of  lithium  in  the  graphite 
electrode;  Mu  +  is  the  mobility  of  intercalated  lithium  ions 
in  the  graphite  electrode  under  the  stress  field;  R  is  the  gas 
constant;  T  is  the  absolute  temperature;  DLi+  is  the  diffu- 
sivity  of  lithium  ions  under  the  stress  field.  The  first  term 
in  the  right  side  of  Eq.  (7)  corresponds  to  the  contribution 
of  the  concentration  gradient  to  the  lithium-ion  diffusion, 
while  the  second  term  represents  the  contribution  of  the 
strain  energy  gradient  due  to  the  lattice  mismatch  around 
the  stage  phase  boundary.  Therefore,  the  lithium-ion  diffu¬ 
sion  will  be  (i)  retarded  by  the  repulsive  stress  exerted  by 
the  stage  phase  boundary  during  lithium 
intercalation(stage-2  to  stage- 1  transformation),  and  (ii) 
enhanced  during  lithium  de-intercalation  (stage- 1  to  stage-2 
transformation). 

Considering  that  the  initial  slope  of  the  current  transient 
during  lithium  de-intercalation  is  steeper  than  that  during 
lithium  intercalation,  it  is  suggested  that  the  stress  gener¬ 
ated  by  the  extra  lithium  plane  retards  and  enhances  the 
lithium  transport  through  the  lithiated  graphite  electrode 
during  the  lithium  intercalation  and  de-intercalation,  re¬ 
spectively. 


4.  Conclusions 

The  lithium  transport  through  the  graphite  electrode  was 
investigated  in  the  presence  of  two  stage  phases  by  using  a 
potentiostatic  current  transient  technique  complementarily 
with  charge/discharge  experiments  and  a.c.  impedance 
spectroscopy.  The  following  conclusions  are  drawn: 

1.  Given  the  occurrence  of  potential  plateaus  in  the 
charge/discharge  curve  combined  with  the  dependence 
of  the  chemical  diffusivity  of  the  lithium  ion  on  lithium 
content  in  the  lithiated  graphite  electrode,  it  is  con¬ 


cluded  that  an  attractive  interaction  between  the  interca¬ 
lated  lithium  ion  and  the  graphite  lattice  can  account  for 
the  stage  transformation  of  the  electrode. 

2.  The  stress  generated  around  the  stage  phase  boundary 
can  be  demonstrated  by  dislocation  mechanics.  The 
coexistence  of  stage- 1  and  stage-2  phases  in  the  lithi¬ 
ated  graphite  can  be  realized  by  inserting  extra  lithium 
planes  of  lithium  atoms  into  stage-2  as  host  lattice. 
From  the  potentiostatic  current  transient,  it  is  inferred 
that  the  stress  generated  by  the  extra  lithium  plane 
retards  and  enhances  the  lithium  transport  through  the 
lithiated  graphite  electrode  during  the  lithium  intercala¬ 
tion  and  de-intercalation,  respectively.  The  stress-limited 
transport  and  stress-assisted  transport  of  lithium  through 
the  lithiated  graphite  structure  is  confirmed  by  the 
occurrence  of  hysteresis  in  the  potential  profile  during 
the  lithium  intercalation  and  de-intercalation,  respec¬ 
tively. 
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